DNA from over 300 Bacillus thuringiensis, Bacillus cereus, and Bacillus anthracis isolates was analyzed by fluorescent amplified fragment length polymorphism (AFLP). B. thuringiensis and B. cereus isolates were from diverse sources and locations, including soil, clinical isolates and food products causing diarrheal and emetic outbreaks, and type strains from the American Type Culture Collection, and over 200 B. thuringiensis isolates representing 36 serovars or subspecies were from the U.S. Department of Agriculture collection. Twenty-four diverse B. anthracis isolates were also included. Phylogenetic analysis of AFLP data revealed extensive diversity within B. thuringiensis and B. cereus compared to the monomorphic nature of B. anthracis. All of the B. anthracis strains were more closely related to each other than to any other Bacillus isolate, while B. cereus and B. thuringiensis strains populated the entire tree. Ten distinct branches were defined, with many branches containing both B. cereus and B. thuringiensis isolates. A single branch contained all the B. anthracis isolates plus an unusual B. thuringiensis isolate that is pathogenic in mice. In contrast, B. thuringiensis subsp. kurstaki (ATCC 33679) and other isolates used to prepare insecticides mapped distal to the B. anthracis isolates. The interspersion of B. cereus and B. thuringiensis isolates within the phylogenetic tree suggests that phenotypic traits used to distinguish between these two species do not reflect the genomic content of the different isolates and that horizontal gene transfer plays an important role in establishing the phenotype of each of these microbes. B. thuringiensis isolates of a particular subspecies tended to cluster together.
Bacillus thuringiensis, Bacillus cereus, and Bacillus anthracis are three closely related gram-positive species belonging to the B. cereus group (23) . Each of these species is economically important. B. thuringiensis spore preparations are commonly used as an organic biopesticide with activity against lepidopteran, dipteran, and coleopteran insect pests (22) . These spore preparations have been so effective that the plasmid-encoded insecticidal genes have been cloned and introduced into transgenic crops such as corn, potato, and cotton (1) . Some B. cereus isolates are toxigenic and can cause food poisoning, an emetic or diarrheal syndrome, or a variety of nongastrointestinal infections (3) . B. cereus is a common contaminant of many food products, including rice, milk and dairy products, meat products, dried foods, and spices (17) . B. anthracis is the causal agent of anthrax, which can be lethal to humans and other mammals. The spores of this organism were recently used as a bioterrorism agent when placed in letters and mailed to individuals in the United States. This incident led to several cases of cutaneous anthrax, a mild form of the disease treatable with antibiotics. It also led to cases of more severe inhalation anthrax, which resulted in five deaths (8) .
The diversity within each of these Bacillus species has been reported. Using multilocus enzyme electrophoresis (MEE) analysis, Helgason et al. (4) examined 154 Norwegian B. cereus and B. thuringiensis soil isolates. Phylogenetic analysis of the MEE data also revealed significant diversity among the different isolates (4) . More recently, fluorescent amplified fragment length polymorphism (AFLP) analysis of the same isolates confirmed this (24) . In another AFLP study, Pattanayak et al. (20) analyzed 24 B. thuringiensis isolates representing 24 different B. thuringiensis subspecies. The phylogenetic information presented demonstrated that each subspecies greatly differed from the other subspecies and revealed extensive genetic diversity within this species. In contrast, AFLP analysis of 78 different B. anthracis isolates revealed that B. anthracis is very monomorphic (13, 14) . The difficulty in distinguishing among B. anthracis isolates led Keim et al. to identify 36 multilocus variable-number tandem repeat markers located throughout the B. anthracis genome and on the two virulence plasmids to more effectively discriminate among different B. anthracis isolates (eight markers are described in reference 15).
None of these studies identified distinct groups of B. cereus and B. thuringiensis. This has led some to suggest that these be considered a single species. Helgason et al. compared 13 B. anthracis isolates and 227 B. thuringiensis and B. cereus isolates using 13 enzyme loci and sequence analysis of nine chromosomal genes (6) . Based on the close genetic similarities of B.
anthracis to B. cereus and B. thuringiensis at these 22 loci, they argued for inclusion of this pathogen in this same species designation.
We performed fluorescent AFLP analysis of 332 B. thuringiensis, B. cereus, and B. anthracis isolates to further examine the genetic relationships among these three species. Thirtyfour of the most diverse Norway soil isolates analyzed in previous studies (24) (19) , were also included along with a putative B. thuringiensis isolate collected from a severe wound infection and found to be pathogenic in mice (7) . Forty-two B. cereus isolates cultured from contaminated food products or from a variety of clinical specimens were provided for analysis by the Food Research Institute at the University of Wisconsin.
Fluorescent AFLP analysis of this large collection of B. thuringiensis, B. anthracis, and B. cereus isolates was used to reveal detailed phylogenetic relationships among the three species and among different isolates of the same apparent species. Results reported here demonstrate a high level of diversity within B. cereus and B. thuringiensis and reveal that different isolates fall into distinct groups. They also reveal that different B. cereus and B. thuringiensis isolates are extensively interspersed with each other across all branches of the AFLPbased phylogenetic tree. In contrast, B. anthracis is genetically very monomorphic and occupies a subbranch that is distinctive from all B. cereus and B. thuringiensis isolates. Analysis of toxigenic B. cereus isolates revealed that a significant number of these isolates are more closely related to B. anthracis, in contrast to B. cereus isolates collected from the environment that are clustered on other branches of the tree. Analysis of a putative pathogenic B. thuringiensis isolate revealed that it is very closely related to B. anthracis, in contrast to those B. thuringiensis isolates that are used for commercial insecticide production (25) .
MATERIALS AND METHODS
Microbial strains. DNA isolation and purification. Five milliliters of nutrient broth was inoculated with cells from a single colony of a B. cereus or B. thuringiensis isolate, and the culture was incubated overnight with shaking at 28°C. Bacterial cells were harvested by centrifugation at 1,000 ϫ g for 15 min. The bacterial pellets were subjected to three freeze-thaw cycles. DNA was isolated from the disrupted cells using a QIAamp tissue kit (QIAGEN, Inc., Valencia, Calif.), following the protocol provided by the manufacturer. The quantity and quality of the isolated DNA were determined by gel electrophoresis of a small amount of the sample (24) . Electrophoresis was for 1 h at 80 V. Gels were stained for 20 min with a solution containing 1 g of ethidium bromide/ml, destained in distilled water, and then visualized and photographed under UV light.
AFLP analysis of DNA samples. AFLP analysis was accomplished as previously described (10, 24) . Briefly, DNA (100 ng) was digested with EcoRI and MseI, and the resulting fragments were ligated to double-stranded adapters. The digested and ligated DNA was then amplified by PCR using EcoRI and MseI ϩ0/ϩ0 primers. The ϩ0/ϩ0 PCR product was analyzed by agarose gel electrophoresis to determine the size range of amplified fragments. Three microliters was used in subsequent selective amplifications using the ϩ1/ϩ1 primer combination of 6-carboxyfluorescein-labeled EcoRI-C (5ЈGTAGACTGCGTACCAA TTCC-3Ј) and MseI-G (5Ј-GACGATGAGTCCTGAGTAAG-3Ј). Selective amplifications were performed in 20-l reaction mixtures. The resulting products (0.5 to 1.0 l) were mixed with a solution containing a mixture of DNA size standards (Genescan-500 [Applied Biosystems Inc., Foster City, Calif.] and MapMarker-400 [BioVentures, Inc., Murfreesburo, Tenn.]) both labeled with N,N,N,N-tetramethyl-6-carboxyrhodamine. Following a 2-min heat denaturation at 90°C, the reactions were loaded onto a 5% Long Ranger DNA sequencing gel (BioWhittaker Molecular Applications, Rockland, Maine) and visualized on an ABI 377 automated fluorescent sequencer (Applied Biosystems Inc.). Each set of reactions also contained an AFLP reaction using B. anthracis Vollum DNA as a template. Inclusion of such a reaction in each set of analyses allowed a comparison of results from different analysis sets run at different times or on different gels. Genescan analysis software (Applied Biosystems Inc.) was used to determine the length of the sample fragments by comparison to the DNA fragment length size standards included with each sample.
AFLP data analysis was performed as described by Ticknor et al. (24) . Sample fragments between 100 and 500 bp and with fluorescence above 50 arbitrary units in all three runs on the ABI sequencer were used in the analysis. To minimize gel electrophoresis artifacts, each labeling reaction was run in triplicate. Samples were loaded on three different gels in a random order. The triplicate data from three lanes for each sample were combined. The set of peaks used to represent a sample contained all of the peaks that were present in each member of the triplicate. This set was called the fingerprint and was used as the description of a sample when similarities among samples were determined. The height of each peak in the fingerprint was the average height of the peak in the triplicates.
To compare two or more electropherograms and assign a similarity or distance measure to the comparison, the electropherograms were aligned by a clustering algorithm to determine which peaks were common. To do the alignment, all peak locations for all samples being compared were combined into one vector of data. A hierachical agglomerative clustering routine using group averages created the clusters (12) . A decision rule was added to this clustering routine so that the number of clusters chosen depended on the number of electropherograms being compared and a maximum value for the range of a cluster (a value for what could be considered "the same"). Peaks within a cluster were assigned the average peak value for that cluster, so that all peaks in a set being compared that were considered the same had the same peak value.
Similarities among samples were determined by the Jaccard coefficient. The 40 tallest peaks for each sample fingerprint were used to calculate the Jaccard coefficient among samples. Dendrograms were produced by using the similarity matrix of Jaccard coefficients and the unweighted pair-group mean average method (UPGMA) (F. J. Rohlf, NTSYS-PC numerical taxonomy and multivariate analysis system, version 1.8; Exeter Software, Setauket, N.Y.).
Principal components for the AFLP fingerprint data were derived (11) . The first and second and the first and third principal components were plotted with characters relating to the 10 major clusters seen on the UPGMA dendrograms. All statistical data manipulations were done by using codes developed in S-Plus (Data Analysis Products Division, MathSoft, Seattle, Wash.).
RESULTS
Three hundred thirty-two isolates of B. cereus, B. thuringiensis, and B. anthracis were analyzed using AFLP to better understand the genetic relationships among these closely related bacilli. Unlike multilocus sequence typing and other single nucleotide polymorphism-based genomic characterization methods in which differences within a few very short specific VOL. 70, 2004 AFLP ANALYSIS OF THREE BACILLUS SPECIES regions of a microbial genome are compared, AFLP is a multilocus sampling method in which fragments generated by the restriction enzyme digestion of an entire genome are used to generate a fingerprint or signature for an isolate. The two restriction endonucleases EcoRI (recognition sequence, 5Ј-G AATTC-3Ј) and MseI (recognition sequence, 5Ј-TTAA-3Ј) were chosen for the analysis because together they effectively digest DNA with a relatively rich AϩT content into a sufficiently large number of small DNA fragments in the range needed to conduct an analysis. Results of the AFLP analyses showed that these type 1 bacilli are heterogeneous, with the B. cereus and B. thuringiensis isolates interspersed in clusters throughout the phylogenetic tree. Principal component analysis of the AFLP DNA fragment fingerprints is shown in two plots in Fig. 1 . The letters in the principal component plots correspond to the placement of each isolate on the different branches (A to K) of the AFLPbased phylogenetic tree shown in Fig. 2 . The cloud of points in the principal component analysis suggested that the differences among some branches on the tree were not large, since there was a continuum of points with only small separations among different parts of individual clouds. Principal component analysis is a standard mathematical tool used to detect correlations in large data sets. The objective of principal component analysis is to discover or to reduce the dimensionality of the data set and to identify new meaningful underlying variables. Principal component analysis tries to create linear combinations of the different AFLP fragments that allow the greatest separation of the samples into the different branches or clusters of the AFLP-based tree. If there is separation of the samples using two or three principal components, then there is support, based on a completely different type of data analysis, that the branches of the tree are supported by the data and are not simply artifacts of the other analysis method used. Principle component analysis using components 1 and 2 broke the samples into two clouds. One contained branches A, B, and C, while the other contained branches D, E, F, G, H, J, and K (Fig. 1) . Principle component analysis using components 1 and 3 further distinguished among members of the second cloud, so that branches D, E, F, and G could be distinguished from branches H, J, and K. Taken together, the principle component analyses suggested the presence of three major clusters on the phylogenetic tree (Fig. 2) . Details of individual isolates mapping to different branches are illustrated in Fig. 3 to 8 . In Fig. 2 Fifty-three of the 58 B. thuringiensis isolates representing subspecies that are common components of commercial biopesticide products in the United States (25) map to this cluster, including B. thuringiensis subsp. kurstaki (ATCC 33679; branch C), the strain used in the preparation of the bioinsecticide Dipel (19, 25) . The middle of the tree contains four branches (cluster 2 in Fig. 2 and branches D, E , F, and G in Fig. 7) . Branch F contains 16 toxigenic B. cereus isolates, 1 unusual pathogenic B. thuringiensis isolate identified as 97-27, and all of the 24 diverse B. anthracis isolates included in this analysis. The B. anthracis isolates are the most genetically diverse representatives of a collection of over 1,250 isolates analyzed with eight multilocus variable-number tandem repeat markers (15) . However, fluorescent AFLP using only one primer combination did not provide sufficient resolution to discriminate among these different B. anthracis isolates (Fig. 7) , and so they cluster within this branch. Also included in branch F are 18 B. thuringiensis isolates and 1 B. cereus environmental isolate that have no known toxigenic or pathogenic properties in vertebrates. Branch E has only one member, B. cereus isolate ATCC 4342, isolated from milk. The presence of this single member could reflect the random sampling of isolates for this study. No information about the toxigenic nature of this isolate could be found, but other B. cereus isolates found to be similar to ATCC 4342 by MEE analysis are associated with periodontal disease (5).
The lowest three branches (cluster 3 in Fig. 2 and branches H, J, and K in Fig. 8 ) contained 30 of the 34 B. thuringiensis and B. cereus soil isolates collected from different locations in Norway. These 34 isolates were chosen as representative of the genetic diversity within a collection of 154 Norwegian soil isolates, based on previous AFLP analysis (24) .
In this AFLP analysis, HD-1 received independently from the USDA collection mapped closely (about 0.25) within branch C to ATCC 33679 (HD-1) received from the ATCC. The close proximity of these two isolates obtained from two different sources showed that the level of discrimination within the data was at least 0.25. This value was also supported by the inclusion of an internal DNA control of B. anthracis Vollum in each AFLP experiment to assure data quality, comparability among gels, and reproducibility. The HD-1 isolate from the USDA collection was identical to nine other B. thuringiensis subsp. kurkstaki isolates obtained from the USDA collection but slightly different from isolate 33679, obtained from ATCC. These differences may be due to extensive culturing of the ATCC isolate relative to those in the USDA collection, resulting in losses of DNA from this isolate or rearrangements in its chromosomal DNA.
The B. thuringiensis isolates in this study represented 36 different serovars or subspecies. The serovars were defined by an immunological assay based on the flagellar antigen (2, 18) . Examination of the genetic sequence of the gene encoding the flagellar antigen showed that the published sequence contains no EcoRI digestion sites. Point mutations at three 6-nucleotide sites within the gene could generate EcoRI cutting sites, but none of these would produce a labeled AFLP fragment in the size range of the analysis. Therefore, DNA encoding this gene was not responsible for any of the DNA fragments analyzed by AFLP in this study. Table 2 shows where the 36 different B. thuringiensis serovars or subspecies mapped relative to the different branches of the AFLP phylogenetic tree. This table shows that several serovars, such as H1, H2, H3a3b, H4a4b, and H4a4c, appear to cluster within a particular branch of the phylogenetic tree. Many serovars were represented by only a few isolates, and so no correlation to a particular branch could be made. However, isolates representing a single serovar or subspecies were often from different sources and geographic regions and so, based on these results, it appears that there was a correlation between the serovar or subspecies and the AFLP fingerprint.
If one analyzes the location of different commercially important serovars of B. thuringiensis, these tend to cluster on branches of the tree that are well away from the B. anthracis isolates. More than 90% of the B. thuringiensis isolates that represented serovars that are used as components of biopesticides in the United States (25) mapped to cluster 1 of the tree (Fig. 2) In contrast, an unusual B. thuringiensis isolate shown to be pathogenic in mice mapped closely to B. anthracis in branch F of cluster 2. This isolate, identified as 97-27 (serovar H34; subspecies konkukian), was collected from the wound of a French soldier and was shown to be capable of infecting and killing immunocompetent mice in subsequent studies (7) . It is one of a few known B. thuringiensis isolates to be isolated from an infected human wound. Three other B. thuringiensis serovar H34 isolates mapped to branches J (1) and K (2) bioinsecticides suggests that it is incorrect to attribute pathogenic properties to the commercially important B. thuringiensis isolates based on the properties of this unusual pathogenic isolate. Table 3 shows that the toxigenic B. cereus isolates in this study populated almost the entire tree, but 22 of the 42 isolates mapped to cluster 2. Sixteen of these isolates mapped specifically to branch F, the same branch that contains all B. anthracis isolates. Also in cluster 2 is B. cereus ATCC 4342, found by MEE analysis to be closely related to B. cereus isolates responsible for periodontal disease (5) . Although the toxigenic B. cereus isolates analyzed were collected from different contaminated food sources from a variety of locations globally, the prevalence of these isolates within cluster 2 is interesting.
DISCUSSION
The B. cereus group, although medically and economically important, is described as one of the most taxonomically confusing areas of the bacilli (21) . The phylogenetic tree presented here reveals that isolates show a high degree of genetic diversity within two of these three species, based on a whole-genome fingerprint. Many of the diverse clusters contain B. cereus and B. thuringiensis isolates extensively interspersed with one another. The dendrogram demonstrates clusters of isolates (branches A to K) that are likely separated by large numbers of generations. This continuum of variation or intermixing of B. cereus and B. thuringiensis isolates within some of the clusters suggests that the specific phenotypes (pathogenic or insecticidal) were acquired after the ancestors to each of the clusters were formed.
These observations support the idea that horizontal gene transfer of plasmid and/or other extrachromosomal markers is an important factor in defining the phenotypes of type I bacilli. B. cereus-like isolates evolved along apparent large evolutionary distances to give rise to clusters that in more recent times acquired plasmids that conferred insecticidal or other pathogenic phenotypes. In branches A and C (Fig. 2) , we suggest that an ancestral isolate may have acquired insecticidal properties that led to clusters composed entirely of related B. thuringiensis isolates. While the extensive serotype analysis conveyed in Table 2 a Thirty-six of the 61 B. cereus isolates studied had toxigenic properties. The number of toxigenic isolates that mapped to a particular branch are included in column 3.
b Numbers refer to the number of isolates from that particular source.
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